four long period, and one short period strain. Here, we 1). Excision of EP(X)1576 reverted this short period phenotype to wild-type, indicating that activation of report a molecular and phenotypic characterization of the short period strain.
EP(X)1576 was responsible for the observed phenotype (data not shown). The X-chromosomal genetic element EP(X)1576 in combination with tim-(UAS)-GAL4 as a driver decreased
Isolation of genomic DNA and sequence comparison revealed that EP(X)1576 is an insertion in the shaggy the locomotor activity period by approximately 3 hr. Similar results were obtained when tim-GAL4 (Emery et (sgg) locus, which encodes the Drosophila ortholog of glycogen synthase kinase-3 (GSK-3; Bourouis et al., al., 1998) was employed as a driver ( Figure 1A , Table   Table 1 Figure 2 , with the exception of a single The sgg locus produces multiple transcripts that encode proteins with identical kinase domains but different time point (CT10 of the third day), TIM was not detectable in wild-type lateral neurons at either CT4 or CT10 N and C termini (Ruel et al., 1993a (Ruel et al., , 1993b Siegfried et al., 1990 Siegfried et al., , 1992 . Since lethality associated with mutations during any of 4 consecutive days in constant darkness (CT0 is subjective dawn and CT12 is subjective dusk in of sgg can be rescued by expressing the SHAGGY10 isoform alone, the different forms of SHAGGY (SGG) DD). Conversely, at CT16, TIM was largely cytoplasmic and at CT22, predominantly nuclear in wild-type LNs must have redundant functions (Ruel et al., 1993a (Ruel et al., , 1993b . Closer investigation of genomic DNA surduring all 4 days of the analysis. This confirmed that molecular oscillations in wild-type lateral neurons had rounding EP(X)1576 revealed that the ORF for sgg10 begins 693 bp upstream of the EP-element insertion been entrained by a prior LD cycle (Figure 2 , legend) and persisted with a period length of ‫42ف‬ hr in constant site ( Figure 1B) . However, translation start sites of other forms of SGG are located downstream of the insertion darkness. In contrast, overexpression of sgg caused a drift in the appearance of TIM immunoreactivity and site of EP(X)1576. To examine whether a form(s) of SGG is affected by EP(X)1576, total protein from heads of flies nuclear subcellular localization toward earlier time points with each consecutive day (Figure 2) . A total shift activating EP(X)1576 by means of the glass-responsive element (gmr-GAL4) were subjected to Western blot of ‫21ف‬ hr was observed over 4 days, showing that the period-shortening effect of sgg overexpression on moanalysis. As shown in Figure 1C , only the SGGY isoform was more abundant than in wild-type. It has been suglecular cycling was correlated with the new period of the circadian locomotor rhythm. gested that SGGY is translated from a transcript termed zw3-C (Ruel et al., 1993b; Siegfried et al., 1990 Siegfried et al., , 1992 shocked twice a day for 1 hr at 37ЊC beginning after compared to activated EP(X)1576 could be attributed hatching of the first larval instar. Heat shocks were disto the difference in the N terminus. Only SGG10 contains continued at the mid-pupal stage, and flies were subsea serine at a position homologous to serine 9 in GSKquently maintained at a temperature (24ЊC) well below 3␤. This residue is known to negatively regulate the that necessary to activate the heat shock promoter to kinase activity of GSK-3␤ upon phosphorylation (Stamdetermine the contribution of each defective sgg allele bolic and Woodgett, 1994; Sutherland et al., 1993). As to circadian rhythmicity. Adults were entrained for 3 SGGY lacks this serine, and therefore a potential negadays in 12 hr:12 hr LD cycles (LD 12:12) and then subtive regulator, its potentially higher kinase activity could jected to locomotor activity analysis in constant darkexplain the stronger phenotype.
ness. As shown in Eggs of indicated genotypes were collected at 20ЊC in consecutive 1 day bins and entrained for at least three LD 12:12 cycles. Subsequently, larvae of different developmental ages were transferred into constant darkness (CT0 is onset of subjective day). Third instar larvae were subjected to immunohistochemistry every 6 hr using TIM-specific antibodies. Three larval brain hemispheres were analyzed for each time point. Time in DD is indicated on top of the diagram, the day of the collection in DD is indicated on the left. The (L) in some panels denotes lower magnification views of the larval brain hemisphere and absence of pacemaker cell (lateral neuron) staining. Note that wild-type (tim(UAS)-GAL4/ϩ) TIM oscillations have a period of ‫42ف‬ hr, whereas the period is substantially shorter ‫3ف(‬ hr/day) in sgg-overexpressing lateral neurons. prevent us from determining the complete loss of sgg 3B is required for viability. Due to the persisting SGG10 protein, the ‫62ف‬ hr, long period behavioral phenotype phenotype. In order to test this possibility, total head protein was isolated from rescued adult sgg D127 mutant of the rescued sgg D127 mutant cannot reflect a complete loss of sgg function. flies (sgg D127 /Y; HS-sgg10) approximately one week after the last heat shock, and the extract was subjected to a Western blot analysis using SGG-specific antibodies.
Advanced Nuclear Entry of PER/TIM by sgg Overexpression As shown in Figure 3B , SGG10, which presumably is derived exclusively from the HS-sgg transgene, is still In order to investigate the basis for sgg-mediated changes in the clock, behavioral responses to photic detectable in flies carrying the strong mutant allele sgg
D127
. Our results indicate that sgg D127 is a null mutant, stimuli were measured to construct a phase response curve (PRC; Aschoff, 1965; Figure 4A ). A light pulse and that the residual SGG10 supplied by the transgene is likely required for viability since rearing at lower temadministered in the early subjective night, when PER and TIM are cytoplasmic, produces a phase delay in the peratures eliminated recovery of adult flies. We also found that if the last heat pulse was given more than 4 molecular oscillator, whereas a similar pulse administered late at night eliminates TIM from nuclear PER/TIM days prior to eclosion, no rescued flies were produced (S.M., unpublished observation), again suggesting that complexes to advance the molecular mechanism. Thus, the behavioral response to a photic stimulus reflects the the residual level of SGG10 protein observed in Figure Table 2 . Flies homozygous for the heatshock-sgg10 construct (HSsgg10) were crossed with sgg D127 heterozygous flies. Eggs were collected for 1 day at 24ЊC. After hatching, all developing Drosophila were reared together at 24ЊC and exposed to 1 hr, 37ЊC heat pulses twice a day until the mid-pupal stage. After eclosion, the rescued sgg D127 hemizygous flies (sgg D127 /Y; HS-sgg10) and their siblings (FM6/ϩ; HS-sgg10) were entrained by exposure to three LD 12:12 cycles and then subjected to a behavioral analysis in DD for one week at 24ЊC. (B) Protein extracts from heads of flies of the indicated genotypes were subjected to a Western blot analysis using SGG-specific antibodies. Heat shocks, where indicated, were administered 1 hr before protein purification. The rescued sgg D127 hemizygotes were subjected to a regimen of 37ЊC heat pulses through mid-pupal development that was identical to that administered to Drosophila As shown in Figure 4A , overexpression of sgg alters at ZT21. In contrast, larval lateral neurons overexpressing sgg begin to show nuclear PER immunoreactivity the PRC mostly if not exclusively during the delay portion. The delay portion of the PRC of flies overexpressing at ZT17.5, and by ‫ف‬ZT19, PER is mostly nuclear. The premature nuclear entry of PER proteins in sgg-overprosgg is shortened by 4 hr (compare the two-headed arrows in Figure 4A ). This is coextensive with the periodducing larvae should thus account for most, if not all, of the period-shortening phenotype. shortening effect of sgg overexpression, suggesting that SGG affects a cytoplasmic event of the molecular oscillator.
Advanced Nuclear Entry Is Not Associated with Increased RNA Accumulation To test this possibility, subcellular localizations of PER were followed at time points that would reveal the timing Because advanced nuclear translocation of PER/TIM could reflect higher levels of per and/or tim expression, of nuclear translocation in larval LNs. Figure 4B and Table 3 show that in wild-type larvae, PER begins to the time course of per RNA accumulation in constant Females carrying the respective sgg allele were crossed to males carrying a heat shock-sgg transgene (HS-sgg10). The progeny were heat shocked twice a day for 1 hr at 37ЊC beginning after hatching until approximately the mid-pupal stage. After eclosion, flies were entrained for three 12 hr:12 hr light:dark cycles and locomotor activity was assayed in constant darkness. tau: period length; SD: standard deviation. Statistically significant differences separated the period lengths of all mutants from the wild-type controls with p Ͻ 0.0005 (1-tailed t test). darkness was determined for Drosophila overexpress-RNA levels (data not shown), further suggesting that altered sgg function might affect nuclear entry of PER/ ing sgg. Although the phase of per RNA accumulation was slightly advanced in these flies, there was no detect-TIM through a posttranscriptional mechanism. To test this possibility, PER abundance was investigated in our able change in the amplitude of the RNA accumulation cycle ( Figure 5) . Identical results were obtained in studrescued sgg D127 flies. As shown in Figure 6A , levels of ies of the tim RNA cycle (data not shown). While the PER protein were significantly elevated by hypomorphic slightly altered phases of per and tim RNA accumulation sgg function. could contribute to the short period phenotype, such TIM accumulation, like that of PER, was substantially shifts have been observed previously for period-altering increased in the mutant flies (data not shown). However, alleles of per, tim, and dbt whose primary defects inthese studies also revealed a difference in the pattern volved changes in the encoded proteins. Those phase of TIM electrophoretic mobility ( Figure 6B ). During the differences were viewed as secondary responses to a late subjective night and the early subjective day, TIM fast-or slow-running clock ( Figure 6B ). Such a difference was not observed for flies also failed to indicate a difference in per and tim -10  1  ZT18  9  ---12  2  ZT19  10  ---1  8  ZT20  3  3  ---4  ZT21  -7  5  --10 The number of brain hemispheres found with the indicated subcellular distribution of PERIOD at a given time point is listed. C, cytoplasmic; C/N, cytoplasmic and nuclear; N, nuclear. Figure 7B) ; instead of the single immunoreactive band that is readily seen in per 0 flies, two equally represented forms of TIM were observed in extracts from sgg-overproducing per 0 flies. To test whether the slowly migrating TIM protein observed in flies overexpressing sgg is indeed caused by phosphorylation, protein extracts were subjected to treatment with alkaline phosphatase. As shown in Figure  7C , the slower migrating forms of TIM from wild-type at CT4 and from per 0 flies overexpressing sgg are equally sensitive to dephosphorylation. This demonstrates that the slowly migrating form of TIM is generated mostly or entirely through phosphorylation.
The similar electrophoretic migrations and phosphatase sensitivities of the low-mobility forms of TIM in wildtype and sgg-overexpressing flies suggested that these phosphorylated TIM proteins may be identical, and that overproduction of SGG accelerates production of a wildtype, hyperphosphorylated form of TIM. This conclusion was also supported by an examination of the differential light sensitivity of low-versus high-mobility forms of TIM in wild-type and sgg-overexpressing flies. Earlier studies of TIM accumulation in wild-type flies have shown that hyperphosphorylated forms of TIM are preferentially lost with the onset of light in LD cycles (Zeng et al., 1996; Rothenfluh et al., 2000a). As shown in Figure  7D , this acute light sensitivity of hyperphosphorylated TIM can be seen by comparing proteins isolated from wild-type flies collected at CT2 (2 hr after subjective dawn in constant darkness) to those from wild-type flies In preliminary work, we have briefly explored the effects those associated with sgg depletion were observed. In on circadian rhythmicity of two other elements of the wg fact, only the complete absence of per function has signal transduction pathway. A temperature-sensitive been clearly associated with arrhythmicity in Drosophila.
allele of wg failed to show any effect on rhythmic locoTwo independent lines of evidence suggest that sgg motor activity, and a heat shock-dishevelled-rescued regulates the period of molecular cycling primarily dsh mutant produced no circadian abnormalities (L. through effects on nuclear translocation of the PER/TIM Saez, unpublished observation). Thus, sgg's participaheterodimer. First, the transition point between delays tion in the circadian oscillator may be unrelated to its and advances of the phase response curve, an indicator function in wg signaling. for nuclear entry of PER/TIM complexes (Rothenfluh et In conclusion, a novel genetic screen has uncovered al., 2000a), is advanced by 3 hr in flies overexpressing a role for the segment polarity gene sgg in the organizasgg. Second, nuclear PER was detected ‫2ف‬ hr earlier tion of the Drosophila circadian oscillator. The strong in the lateral neurons of larvae overexpressing sgg than evolutionary conservation of SGG/GSK-3 proteins will in wild-type LNs.
surely facilitate a search for related function in vertesgg-induced shifts in the timing of nuclear translocabrate behavioral rhythms. tion are likely to reflect changes in TIM phosphorylation that are in turn connected to altered levels of PER and TIM. Because PER and TIM are overproduced when casein kinase I⑀ produced developmental abnormalities
